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Abstract
Recent measurements at LHC have inspired searches for TeV scale left–right gauge theory originat-
ing from grand unified theories. We show that inclusion of Planck-scale induced effects due to dim.5
operator not only does away with all the additional intermediate symmetries, but also it predicts the 
minimal set of light Higgs scalars tailored after neutrino masses and dilepton, or trilepton signals. The 
heavy-light neutrino mixings are predicted from charged fermion mass fits in SO(10) and LFV constraints 
which lead to new predictions for dilepton or trilepton production signals. Including fine-structure constant 
matching and two-loop, and threshold effects predict MWR = g2R104.3±1.5±0.2 GeV and proton lifetime 
τp = 1036.15±5.8±0.2 yrs with WR gauge boson coupling g2R = 0.56–0.57. Predictions on lepton flavour 
and lepton number violations are accessible to ongoing experiments. Current CMS data on di-electron ex-
cess at 
√
s = 8 TeV are found to be consistent with WR gauge boson mass MWR ≥ 1.9–2.2 TeV which also 
agrees with the values obtained from dijet resonance production data. We also discuss plausible explana-
tions for diboson production excesses observed at LHC and make predictions expected at 
√
s = 14 TeV.
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The standard model SU(2)L × U(1)Y × SU(3)C (≡ G213) partially unifies electromag-
netic and weak interactions but fails to explain neutrino masses and why parity violation 
occurs only in weak interaction. Manifestly left–right symmetric (LRS) gauge theory [1–4]
SU(2)L × SU(2)R ×U(1)B−L × SU(3)C(g2L = g2R)(≡ G2213D) predicts a number of phenom-
ena beyond the standard model including neutrino masses and parity violation. It also goes further 
to suggest that the right-handed (RH) neutrino (N ), a member of its fundamental representation, 
could be a heavy Majorana fermion driving type-I seesaw mechanism for light neutrino masses 
and acting as a seed for baryogenesis via leptogenesis. As possible experimental evidence of 
LRS theory, it would be quite attractive to associate these RH neutrinos to be mediating dilep-
ton production events recently observed at the Large Hadron Collider (LHC) [5,6] which can 
discriminate whether WR gauge coupling is different from the standard WL boson coupling [7].
There are a number of advantages of embedding the SM or the LRS models in GUTs which 
have attracted extensive investigations over the last four decades [2,7–10]. The most recent 
phenomenon has been the prediction of dark matter (DM) candidates including the stabilising 
symmetry, called the Matter Parity, in non-SUSY SO(10) [11]. In addition to unifying the strong, 
weak, and electromagnetic forces, the grand unified theory (GUT) is capable of addressing the 
issue of proton stability, and the origin of Parity and CP symmetries as part of gauge symmetries.
The minimal left–right symmetric GUT that unifies strong, weak, and electromagnetic inter-
actions is SO(10) that leaves out gravity.1 Apart from fitting all charged fermion masses [12] and 
explaining the neutrino oscillation data, it would be quite interesting if spontaneous symmetry 
breaking of non-SUSY SO(10) through any one of the following two minimal symmetry break-
ing chains gives the LHC verifiable WR , ZR bosons as well as the associated seesaw mechanism
SO(10)MU−→ G2213D or G2213MR−→ SM. (1)
In eq. (1) G2213 represents the same left-right gauge theory as in G2213D but without the D-parity 
for which g2L = g2R [7].
That the resonant WR production accompanied by heavy RH Majorana neutrino exchange 
would manifest in like-sign dilepton signals at accelerator energies was suggested earlier [13]. An 
interesting interpretation of the LHC data [5,6] on the excess of events in the like-sign dilepton 
channel pp → eejj along with the reported ratio of 14:1 of opposite sign to the same sign 
dilepton signals has been made very recently in the context of minimal left-right symmetric 
model (MLRSM) with g2L = g2R [14] which has the Higgs scalar bidoublet (2, 2, 0, 1) and 
the triplets L(3, 1, −2, 1) ⊕ R(1, 3, −2, 1) [4]. The light neutrino mass matrix in this theory 
[14] is governed by the type-I seesaw formula
Mν = −MDM˜−1N MTD. (2)
Here MD = Dirac neutrino mass matrix, M˜N = fVR = the RH neutrino mass matrix, f = Majo-
rana type Yukawa coupling of the triplets, and VR =<0R > that breaks MLRSM to SM. There 
are several limitations of deriving this TeV scale MLRSM from SO(10): (i) It was noted [9,10]
that when the GUT symmetry breaking proceeds through MLRSM, low-mass parity restora-
tion with MWR ∼ O(100–1000) GeV needs too large value of sin2 θW (MZ) ∼ 0.27–0.31 in 
1 In the absence of any experimental evidence of supersymmetry so far, in this work we confine to non-supersymmetric 
(non-SUSY) models.
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sin2 θW (MZ) ∼ 0.23 pushes the WR mass prediction in this minimal scenario to very large value 
MR > 109 GeV. In fact the globally accepted values of sin2 θW (MZ) ∼ 0.23126 ± 0.00005 and 
αS(MZ) = 0.1187 ± 0.0017 [15,16] restrict the MLRSM intermediate breaking scale to be large 
MR ≥ 1010 GeV [17] but with experimentally acceptable proton lifetime. Thus the SO(10) ori-
gin of TeV scale MLRSM is ruled out by RG constraints on gauge coupling unification. (ii) The 
second limitation is imposed by the neutrino oscillation data and their type-I seesaw embed-
ding in SO(10). The underlying quark–lepton symmetry [2] in SO(10) predicts MD ∼ Mu where 
Mu = up-quark mass matrix. Then the explanation of neutrino oscillation data through eq. (2)
predicts the seesaw scale to be too large, MR = 1011 → 1014 GeV ruling out any prospect of di-
rect verification of SO(10) based MLRSM or type-I seesaw at accelerator energies. (iii) Even if 
the TeV scale G2213D symmetry is shown to emerge from SO(10) by severely relaxing the ESH 
as in Ref. [18] discussed below, it may also have the cosmological domain wall problem [19–22]. 
The resulting massive domain wall would contribute to mass density of the universe upsetting 
the observed values. This calls for adopting inflationary model of the universe which, however, 
is capable of removing such a domain wall if the parity breaking scale is far above the TeV scale. 
On the other hand with TeV scale parity breaking, the imposition of inflation and reheating at 
lower scale may not effectively remove the domain wall.
In the non-minimal LRS model with g2L = g2R consistent with the electroweak precision 
data, low scale WR , ZR bosons have been realized, but this needs unusually larger number of 
nonstandard Higgs scalars and/or exotic fermions [18] which drastically violate the ESH [23]. 
Also no ansatz for neutrino oscillation data or LHC data have been provided in this model. This 
non-minimal model may also have the domain wall problem as in the case of MLRSM discussed 
above.
On the other hand, the G2213 model with high D-Parity breaking scale resulting in g2L = g2R
at lower scales is free from the domain wall problem [7]. But even when the GUT symmetry 
breaks through the minimal G2213, the allowed solutions for TeV scale WR have been shown 
to require also a number of additional light particle degrees of freedom [24], although less than 
the nonminimal G2213D case [18]. In this case also the ESH has to be abandoned. Further as 
in the case of Ref. [18], the glaring issue of neutrino masses and mixings in these models [24]
has not been addressed in direct contravention of the neutrino oscillation data, let alone the LHC 
anomalies.
Although several possibilities have been discussed earlier [7,25,26], in addition to preserving 
the interesting property of fitting charged fermion masses, allowed solutions for TeV scale WR, 
ZR bosons in the best identified chain of Ref. [25] have been noted recently to be in concordance 
with the neutrino oscillation data [27]. This model has non-minimal number of four intermediate 
symmetries instead of single LR intermediate gauge theory at the LHC scale
SO(10)MU−→ G224DMP−→ G224MC−→ G2213
M+R−→ G2113
M0R−→ SM. (3)
In eq. (3) G224D denotes the Pati–Salam symmetry SU(2)L ×SU(2)R ×SU(4)C (g2L = g2R) (≡
G224D) with left-right discrete symmetry and G224 denotes the same gauge symmetry without 
the D-Parity.
This model comprising of two-step breaking of G2213 to SM was originally proposed in 
Ref. [25] where the SO(10) Higgs representations 54H , 210H , 126H and 10H were used to 
achieve the desired gauge hierarchy with low mass WR, ZR bosons. With the further addition 
of 16H , a second 10H , and three additional fermion singlets, in addition to retaining the low 
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the 9 × 9 neutral fermion mass matrix of eq. (15) of Sec. 2 given below while fitting the neutrino 
oscillation data via TeV scale gauged inverse seesaw formula in Ref. [27]. While predicting LFV 
decays with branching ratios only few to four orders smaller than the experimental limits, the 
model also predicted new dominant contribution to double beta decays in the WL −WL channel 
due to sterile neutrino exchange closer to their experimental values. This model of Refs. [25,27,
28] has been recently used to interpret the observed dilepton excess at CERN LHC in pp → eejj
to be due to WR mediation with MWR ∼ 2 TeV [29]. However the validity and further confirma-
tion of the model requires detection of the ZR boson mass at MZR ≤ 2 TeV at collider energies. 
On the other hand SO(10) embedding of single intermediate breaking of G2213 at TeV scale to 
SM predict MZR ≥ 1.7MWR ≥ 3.4 TeV if MWR ≥ 2.0 TeV.
In view of the LHC capability to discriminate among different models [13,30–32], alterna-
tive theoretical explorations for GUT origins of LR models with parity restoration at low scales 
(g2L = g2R) or at high scales resulting in TeV scale values g2L = g2R having additional experi-
mentally verifiable signatures would be interesting.
Very recently, in an interesting development in single step breaking scenario, TeV scale LR 
gauge theory has been derived including the additional light Higgs scalar φS(1, 3, 0, 8) ⊂ 210H
and non-standard fermion pairs 	L(3, 1, 0, 1) ⊕ 	R(1, 3, 0, 1) ⊂ 45F under G2213 [33]. The 
model has been shown to be consistent with neutrino oscillation data and observed excesses 
at LHC detectors on WR → eejj , WR → jj , WR → WZ, and WR → WH production channels 
with gR = 0.51. It has also potential to explain dark matter and baryon asymmetry of the universe 
through leptogenesis, and the LHC cross section ratio for production of opposite-sign dileptons to 
like-sign dileptons. However, the model predicts large unification scale leading to proton lifetime 
beyond the Super K. and Hyper K. [34] limits. The presence of additional scalars and fermions 
can be also tested at colliders including LHC.
Without using any GUT, but under the general assumption of the presence of TeV scale LR 
theory with g2L = g2R , it has been also shown how the current LHC data are explained with 
MWR  1.8–2.0 TeV and with g2R = 0.5 [35].
The SUSY grand desert models predict the GUT scale to be MU = 2 × 1016 GeV by us-
ing the electroweak (EW) precision values of electromagnetic fine structure constant α(MZ) =
(127.9 ± 0.1)−1 and either sin2 θW (MZ) or αS(MZ) [36]. Since the GUT scale is only about 
two orders less than the Planck scale, effects of quantum gravitational corrections treated to be 
induced by dim.5 operator scaled by Planck mass has been investigated by a number of authors 
[36–42]. Particularly, gravitational smearing effect on the precision value of αS(MZ) was noted 
in Ref. [41] while it was shown in Ref. [36] that, in SUSY grand desert scenario, the predicted 
value of any one of the two, sin2 θW (MZ) or αS(MZ), is smeared out if the other is fixed at its EW 
precision value. Noting that such smearing effects due to quantum gravity is absent in any inter-
mediate scale model, the purpose of this work is to show that when Planck-scale induced effect is 
included through a dim.5 operator of the type discussed earlier [36–43], the SO(10) model gives 
LHC scale LR gauge theory G2213 in the minimal symmetry breaking chain with reduced size 
of the light Higgs spectrum consistent with gauged inverse seesaw formula for neutrino masses 
that depends upon whether the RH neutrino masses are Pseudo-Dirac (Model-I) or Majorana 
(Model-II) fermions leading to the manifestation of WR through trilepton or dilepton signals at 
the LHC. For the first time in the context of higher dimensional operator effects, in addition to the 
analytic derivation of RGE’s for ln(MU/MZ), and ln(MR/MZ), the third RG equation is derived 
that ensures determination of the GUT coupling through electromagnetic fine-structure constant 
matching. The model predicts heavy-light neutrino mixings falling between two bench mark sce-
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(|VlN |2 = √(m2atm)/MN ) which constitute important ingredients for dilepton or tri-lepton pro-
duction signals at LHC detectors especially in the WL −WL and WR −WL channels and for the 
light sterile neutrino mediated 0νββ decay, and charged lepton flavor violating (LFV) branching 
ratios closer to their experimental limits. In the RR channel, the Model-II explains the di-electron 
excess recently observed at the CMS detector [6] for MWR = 1.9–2.2 TeV and both the models 
are found to explain the dijet resonance data [44,45], and excess of events observed in the dibo-
son production channels WR → WZ and WR → WH . We also make predictions for LHC run-II 
at 
√
s = 14 TeV in the LL, RR, and RL channels for like-sign dilepton production cross sections.
This paper is organized as follows. In Sec. 2 we discuss the predictions of WR and the grand 
unification scales using the dim.5 operator. In Sec. 3 we give a short description on neutrino 
masses and LFV decay and in Sec. 4 we discuss lepton number violation. In Sec. 5 we discuss 
how LHC provides hints for WR-boson production in pp collisions manifesting in dilepton and 
trilepton signal cross sections. In Sec. 6 we show how WR boson mass is determined from the di-
jet resonance data while explaining the diboson production data. Finally we give a brief summary 
of our results.
2. LHC scale LR theory
2.1. Planck-scale induced corrections to RG equations
We attempt to predict the scale of LR gauge theory G2213 in the minimal symmetry breaking 
chain of eq. (1) while taking into account the Planck-scale induced corrections to RG equations 
for gauge couplings. We use the standard two-loop RG equations for gauge couplings
μ
∂gi
∂μ
= ai
16π2
g3i +
1
(16π2)2
∑
j
bij g
3
i g
2
j . (4)
We also include the effect of dim.5 operator which was first suggested in the context of SUSY 
SU(5) [37] and non-SUSY SO(10) with Pati–Salam intermediate symmetry [38], and subse-
quently used to examine modifications of various GUT predictions [36,39,41–43,46,47]. In the 
absence of any specific well defined terms due to gravitational interaction, the dim.5 operator 
scaled by the Planck mass has been treated to represent the effect of quantum gravity especially 
in SUSY SU(5) and its influence has been shown to smear out the strong interaction coupling 
αS(MZ) [36,41]. Also such effects on GUT predictions attributed due to quantum gravity effects 
have been investigated further [39,40]. In Ref. [38], however, the effect has also been attributed 
to be arising out of Kaluza–Klein type spontaneous compactification of extra dimensions where 
the scale of the dim.5 operator could be lower than MPlanck. In our opinion the operator which is 
most effective in bringing G2213 to ∼O (TeV) scale in single-step breaking of SO(10) is
LNR = C
MPlanck
Tr(Fμνφ(210)Fμν), (5)
where φ210 ≡ 210H Higgs representation that breaks SO(10) → G2213 at the GUT scale by ac-
quiring vacuum expectation value (VEV) along its G2213 singlet direction as defined below in 
eq. (12) and the scale of the operator is fixed at MPlanck  2.4 × 1018 GeV, the reduced Planck 
mass. Because of the presence of intermediate symmetry, the gravitational smearing effects on 
αS(MZ) or sin2 θW (MZ), otherwise present in SUSY grand desert models, are drastically re-
duced.
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even singlet ηe contained in Pati–Salam sub-multiplet (1,1,15)H and the D-Parity odd singlet ηo
contained in Pati–Salam singlet (1,1,1)H of 210H . It was at first claimed [46] that when SO(10)
is broken along the direction < ηe >∼ MGUT , low-mass WR would result through eq. (5) and 
one-loop contributions of certain light Higgs scalars. But it was noted [47] that this solution 
is ruled out as it requires too large values of sin2 θW (MZ) = 0.27. Although accurate values 
of αS(MZ) and sin2 θW (MZ) and neutrino oscillation data were not available at that time, it 
was noted that [47] a low-scale WR would require parity breaking at the GUT scale. Attempts 
have been made to predict TeV scale LR gauge symmetry by using more than one intermediate 
symmetry and through still higher dimensional operators which introduce a number of additional 
parameters into the theory. We do not discuss them here as our aim here is to obtain the LHC scale 
LR theory by direct breaking of SO(10) → G2213 in the minimal chain with minimal number of 
parameters.
We note that eq. (5) is the only possible dim.5 operator that gives LHC scale G2213 sym-
metry with minimum number of parameters, when the Higgs field 210 acquiring VEV along a 
direction which is a linear combination of < ηe > and < ηo > defined through eq. (12) below. 
To understand this, we note that when 210 ∼ ηo in eq. (5), we get only Pati–Salam symmetry 
and not G2213. Similarly when 210 ∼ ηe we get G2213D with unbroken parity at a high scale 
(MR > 109 GeV) with g2L = g2R . Also when 210 is replaced by 45 that contains the other 
D-odd singlet η′o, eq. (5) vanishes identically. The only other possibility, besides the one used 
here is to use two different dim.5 operators of the type eq. (5) with two different coefficients 
where in one operator 210 is aligned along ηe and in the other, it is aligned along ηO . This 
would introduce one additional parameter compared to the present minimal model.
It is well known that in the absence of any threshold or higher dimensional operator effects, 
the two mass scales MU and MR in the single intermediate scale model are determined in terms 
of αS(MZ) and sin2 θW (MZ) with the fixed value of the fine-structure constant α(MZ) = 1/127.9. 
We show here analytically, through three different new equations, how the additional parameter 
due to eq. (5) changes the two mass scales provided the GUT coupling is fixed by matching 
the electromagnetic fine-structure constant by the third equation which is an essential constraint 
in the model in order to prevent any mismatch or gravitational smearing of α(MZ) = 1/127.9
that may result due to such additional new corrections at the GUT scale. The fourth equation 
determines C of eq. (5) in terms of the model parameters unambiguously.
Whereas in the earlier LR models derived in one-step breaking of SO(10) [18,24], the im-
portant questions of neutrino masses, LFV, LNV, and LHC signatures of WR or N have been 
left out, in this work we have addressed these issues. The minimal sets of Higgs representa-
tion (210H ⊕ 16H ⊕ 10H )(Model-I) or (210H ⊕ 126H ⊕ 16H ⊕ 10H )(Model-II) with the added 
presence of three fermion singlets, not only makes the WR , ZR bosons accessible near the TeV 
scale, but also both the models are in concordance with the neutrino oscillation data through 
gauged inverse seesaw formula for neutrino masses [48] while predicting sizable charged lep-
ton flavor violating decays accessible to ongoing search experiments. This may be contrasted 
with all previous dim.5 operator models in non-SUSY SO(10) predicting negligible lepton flavor 
violations. Exploiting the potential of SO(10) to yield Dirac neutrino mass matrix, our model 
predicts heavy-light neutrino mixings used as important ingredients for multi-lepton production 
signals at the LHC. While Model-I predicts trilepton production decay signals mediated by the 
TeV scale Pseudo-Dirac neutrinos, Model-II predicts dominant dilepton signal accessible to LHC 
mediated by RH Majorana or sterile neutrinos. One more important aspect of this paper is that 
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to the current experimental limits irrespective of light neutrino mass hierarchy.
For the gauge kinetic field tensor we have
Fμν = ∂μWν − ∂νWμ + ig[Wμ,Wν],
Wμ = 14
10∑
i,j=1
σ ijWijμ ,C = −
κ
8
(6)
where 12σ
ij (W
ij
μ ), and i, j = 1, 2, 3, . . . , 10 denote the 45 generators (gauge bosons) of SO(10). 
The GUT-scale boundary conditions are modified by the dim.5 operator
α2L(MU)(1 + 2L) = α2R(MU)(1 + 2R) =
αBL(MU)(1 + BL) = α3C(MU)(1 + 3C) = αG, (7)
where the i terms arise due to the dim.5 operator and αG is the effective GUT fine structure 
constant which is predicted in terms of RG coefficients and the i parameters. The resulting 
analytic formulas for the unification mass MU , the LR scale MR and GUT fine structure constant 
αG are [49–51]
ln
MR
MZ
= 1
(XZ′ −X′Z) [(XPs −X
′Pθ)+ (X′ρ2 −X	2)− 2π
αG
(X′′ −X′′)], (8)
ln
MU
MZ
= 1
(XZ′ −X′Z) [(Z
′Pθ −ZPs)+ (Z	2 −Z′ρ2)− 2π
αG
(Z′′ −Z′′)], (9)
1
αG
= 1
D
[
a′3c
α(Mz)
− a
′
2L + a′2R + 23a′BL
αS(Mz)
+ 1
2π
(
a3c(a
′
2L + a′2R +
2
3
a′BL)− a′3c(
5
3
ay + a2L)
)
×
(
X(Ps −	2)+X′(ρ2 − Pθ)
XZ′ −X′Z
)]
. (10)
The terms on the RHS reduce to the usual two-loop RG equations in the limit ′ = ′′ =  = 0.
It is well known that at one-loop level in such cases the effect of the GUT coupling cancels out 
from the combinations α(MZ)−1
[
1 − (8/3) sin2 θW (MZ)
]
and 1
α(MZ)
− (8/3) 1
αS(MZ)
without af-
fecting precise predictions of MU and MR . Also the GUT coupling is exactly determined in terms 
of one-loop and two-loop coefficients, and the value of α(MZ)−1 as can be seen by RG evolution 
of the latter. But in the presence of the dim.5 operator quite significant corrections arise because 
of smallness of αG as is evident from the third terms in the RHS of eq. (8) and eq. (9). Similarly 
RGE for fine structure constant gives quite significant corrections inversely proportional to αG
tending to smear out its precise value by Planck-scale effect or the gravitational effect. This is 
prevented by fixing the value of the GUT coupling by eq. (10) which is the RGE for αMZ with 
MU and MR eliminated using eq. (8) and eq. (9). We note that we have four equations, eq. (8), 
eq. (9), eq. (10), and eq. (13) (noted below) for four unknowns MR ,MU , αG, and C, respectively. 
Various symbols occurring in eq. (8), eq. (9), and eq. (10) are
Ps = 2π
α(Mz)
(
1 − 8
3
α(Mz)
αs(Mz)
)
,
Pθ = 2π
(
1 − 8 sin2 θW (Mz)
)
,α(Mz) 3
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2
3
a′BL −
5
3
a′2L,
Z = 5
3
(aY − a2L)−
(
a′2R +
2
3
a′BL −
5
3
a′2L
)
,
X′ = a′2R +
2
3
a′BL + a′2L −
8
3
a′3C,
Z′ = 5
3
aY + a2L − 83a3C −
(
a′2R +
2
3
a′BL + a′2L −
8
3
a′3C
)
,
ρ2 = 2π
[
θ ′2R +
2
3
θ ′BL −
5
3
θ ′2L +
5
3
(θY − θ2L)
]
,
	2 = 2π
[
θ ′2R +
2
3
θ ′BL + θ ′2L −
8
3
θ ′3C +
5
3
θY + θ2L − 83θ3C
]
,
′ = 2R + 23BL −
5
3
2L,
′′ = 2L + 2R + 23BL −
8
3
3C,
D = a′3c
(
8
3
+ 2L + 2R + 23BL
)
− (1 + 3C)
(
a′2L + a′2R +
2
3
a′BL
)
+ X
′′ −X′′
XZ′ −X′Z
[
a3c(a
′
2L + a′2R +
2
3
a′BL)− a′3c(
5
3
ay + a2L)
]
,
θi = 14π
∑
j
bij
aj
ln
αj (MR)
αj (MZ)
,
θ ′i =
1
4π
∑
j
b′ij
a′j
ln
αj (MU)
αj (MR)
. (11)
The first, second, and third terms in the R.H.S. of eq. (8) and eq. (9) represent one loop, two-loop 
and gravitational effects respectively. In particular the combined GUT symmetry breaking VEVs 
of < η(1, 1, 1) >, < η′(1, 1, 15) >⊂ 210H can be written as [47]
〈φ(210)〉 = φ0
8
√
2
(−1234 + 1256 + 3456 + 78910) , (12)
where we have used
(210) = 14!ijkl.φ
ijkl,
and <1234 >=<1256 >=<3456 >=<78910 > leading to
2R = −2L = −3C = 12BL = ,
 = − CMU
2MPlanck
( 3
2παG
) 1
2
. (13)
With  as input the GUT coupling αG is at first determined using eq. (10). The mass scales 
MU and MR are then determined from eq. (9) and eq. (8). Finally eq. (13) determines C as all 
other quantities in this relation have been thus determined. Thus the single extra parameter C as 
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be noted that although αG is small, the smallness of αG alone cannot ensure TeV scale RH gauge 
bosons in the LRS model as discussed in Ref. [47]. The low-mass W±R bosons are favoured in the 
parity violating LR model with g2L = g2R , the asymmetry being generated by gravity induced 
dim.5 operator with 2L = −2R = −.
The light Higgs content that determines the one and two-loop coefficients depends upon 
whether LHC confirms trilepton production signals or dilepton production signals along with 
dominant double beta decay rate by ongoing experiments in the latter case. This gives rise to two 
different cases, Model-I and Model-II, as discussed below.
2.2. Two models with extra fermion singlets
We now attempt to address the issue of neutrino masses and mixings in the context of such 
TeV scale G2213 model descending from non-SUSY SO(10). An additional advantage of doing 
GUT embedding through SO(10) is its ability to fit all charged fermion masses and mixings while 
explaining neutrino oscillation data through see saw mechanisms. As noted in Sec. 1, because of 
the SO(10) constraint, MD ∼ Mu, the type-I seesaw in SO(10) at the TeV seesaw scale fails to 
explain the neutrino oscillation data. An interesting resolution of this problem can be made by 
using TeV scale inverse seesaw formula which has been suggested since 1986 [48] and exten-
sively applied in the fermionic extensions of the SM, LR gauge theory, and in SUSY SO(10) [52,
53] or non-SUSY SO(10) [27,28,33,54] where both the RH neutrinos Ni and the extra fermion 
singlets Si collaborate to implement the mechanism. In the SM, in addition to three RH neu-
trinos, Ni (i = 1, 2, 3), three extra fermion singlets, Si (i = 1, 2, 3), are needed to implement 
the inverse seesaw at the TeV scale. In the LR models, where RH neutrinos are already present 
as fundamental representations, three additional singlet fermions Si (i = 1, 2, 3) are added for 
achieving inverse seesaw. In SO(10) where the RH neutrinos are in the spinorial representation 
16i , three additional fermion singlets Si (i = 1, 2, 3) are needed to implement the mechanism. 
In these cases instead of breaking the LR gauge theory by 126H of SO(10), the original pro-
posal in the minimal inverse seesaw model is implemented through the VEV of the RH doublet 
in 16H ⊂ SO(10) which also generates the N–S mixing mass M that occurs in the inverse see-
saw formula of eq. (16). This is discussed below under Model-I. Another verifiable prediction 
of TeV scale inverse seesaw mechanism is the leptonic nonunitarity effect detectable at long-
baseline neutrino oscillation experiments [55] which is otherwise negligible in the SM. Whereas 
the SM has negligible predictions for branching ratios for charged lepton flavour violating (LFV) 
decays such as μ → eγ , τ → eγ , and τ → μγ , the inverse seesaw mechanism predicts them 
only about few to four orders less than their current experimental limits. Such rich structure of 
physical phenomena realized within the inverse seesaw mechanism emphasizes the need of extra 
non-standard fermion singlets Si (i = 1, 2, 3) of SO(10) into the theory.2 The basic reason that 
permits the inverse seesaw to be operative at the TeV scale in the presence of singlet fermions is 
the occurrence of the small coefficient of the mass term μS.SS in the corresponding Yukawa La-
grangian in the neutrino mass formula of eq. (16). In the context of the SM extension with added 
2 Alternatively, these G2213-singlet fermions may belong to non-standard fermion representations 45F ⊂ SO(10) [56]. 
If all G2213 non-singlet fermions are degenerate near the GUT scale, there contributions would not affect the threshold 
contributions to the mass scale predictions carried out in this work. Although in E6 theory each singlet of a fermion 
generation is part of its fundamental representation which decomposes under SO(10) as 27 = 16 + 10 + 1, in such a case 
one goes beyond the SO(10) frame work.
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the global lepton number symmetry is restored. This phenomenon predicts μS to be a naturally 
small in the ’t Hooft sense [57] that plays a crucial role in bringing down the seesaw scale to 
M ∼O(1) TeV, even when MD ∼ Mu. Numerous applications of this formula are available with 
profound new physics predictions in SM extensions [58], non-SUSY SO(10) with low-mass Z′
boson [54], SUSY SO(10) with TeV scale G2213 symmetry and heavy pseudo-Dirac neutrinos 
mediating non-unitarity effects, LFV decays [52], and leptogenesis [53]. In another approach in 
the extended seesaw frame work of the SM [59–62] and in SUSY SO(10) [43,63] heavy RH neu-
trino mass has been introduced into the Yukawa Lagrangian and the neutral fermion mass matrix 
through the intermediate scale value of <0R(1, 3, −2, 1) >= VR ⊂ 126H ⊂ SO(10) [27,28,43,
63,64]. The generalized form of Yukawa Lagrangian at TeV scale after decoupling of LH scalar 
fields is
L= Y lψLψR + fψcRψRR + YχψRSχR + ST μSS + h.c. (14)
where ψL(ψR) = LH (RH) doublet leptonic representations ⊂ 16 ⊂ SO(10), (2, 2, 0, 1) =
bidoublet Higgs scalar ⊂ 10H ⊂ SO(10), R(1, 3, −2, 1) = RH triplet Higgs scalar ⊂ 126H ⊂
SO(10), and χR(1, 2, −1, 1) = RH doublet Higgs scalar ⊂ 16H ⊂ SO(10).
After assigning VEV to the respective Higgs fields leads to the 9 × 9 neutral fermion mass 
matrix in the (ν, N, S) basis
M=
⎛
⎝ 0 MD 0MTD M˜N M
0 MT μS
⎞
⎠ (15)
where M˜N = 0(f VR) in the absence (presence) of 126H in Model-I (Model-II) as discussed 
below and M = Yχ < χR >. Block diagonalisation of this matrix in both the models has been 
shown [27,28,61,43,63,64] to lead to the inverse seesaw formula [48] for light neutrino mass 
matrix
mν = MD
M
μS
(MD
M
)T
, (16)
where the derivation in Model-II has been carried out in the limit
|M˜N | > |M| >> |MD|, |μS |, (17)
leading to the cancellation of the type-I seesaw contribution. In the non-SUSY SO(10) and Pati–
Salam model, the extended seesaw structure has been generated with low mass WR, ZR bosons 
to predict new dominant contribution to double beta decay mediated by the light sterile neutrino 
of first generation [27,28,64]. While in all the above cases the active neutrino mass formula is 
the same as the original proposal [48], leptonic non-unitarity effects, observable LFV decays, 
dominant double beta decay, and resonant leptogenesis mediated by sterile neutrinos have been 
implemented in the presence of type-II seesaw dominated neutrino mass formula and TeV scale 
Z′ boson in non-SUSY SO(10) in Ref. [65]. The light singlet sterile fermions in these SO(10) 
models also mediate like-sign dilepton production via displaced vertices in the presence of TeV 
scale G2113 symmetry, Z′ boson, and RH neutrinos [65]. More recently in the context of non-
SUSY SO(10) with additional scalars and fermions at the TeV scale and externally imposed 
discrete Z2 symmetry, a rich structure for neutrino physics has been shown to emerge through 
eq. (15) with attractive and unified explanations for like-sign dilepton events in pp → eejj , dibo-
son and dijet resonances at the LHC along with dark matter. It has been particularly emphasized 
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one loop and two loop beta function coefficients for RG evolution of gauge couplings.
Gauge symmetry Higgs content ai bij
G2213 (Model-I), 
Dφ = Dχ = 1
φ(2, 2, 0, 1), 
χR(1, 2, − 12 , 1)
⎛
⎜⎜⎜⎜⎝
−3
−17
6
17
4
−7
⎞
⎟⎟⎟⎟⎠
⎛
⎜⎜⎜⎜⎝
8 3 32 12
3 616
9
4 12
9
2
27
4
37
8 4
9
2
9
2
1
2 −26
⎞
⎟⎟⎟⎟⎠
G2213 (Model-II), 
Dφ = Dχ =
TR = 1
φ(2, 2, 0, 1), 
χR(1, 2, − 12 , 1), 
R(1, 3, −1, 1)
⎛
⎜⎜⎜⎜⎝
−3
−13
6
23
4
−7
⎞
⎟⎟⎟⎟⎠
⎛
⎜⎜⎜⎜⎝
8 3 32 12
3 1736
57
4 12
9
2
171
4
253
8 4
9
2
9
2
1
2 −26
⎞
⎟⎟⎟⎟⎠
that the generalized parameter space spanned by eq. (15) is very effective in accounting for the 
ratio of like-sign to opposite sign dilepton production cross sections recently observed at the 
LHC [33].
In the present work, we find that the Planck-scale effects and RG constraints in the minimal 
chain favours the following two classes of models which also succeed in explaining the neutrino 
oscillation data. The two models differ in predicting the nature of the heavy neutrinos: pseudo-
Dirac (Model-I) or Majorana (Model-II) leading to two different signals at LHC as discussed 
below.
(a). Model-I: heavy pseudo-Dirac neutrinos
In this case 210H breaks SO(10) and D − Parity to G2213 which further breaks to SM by 
the RH Higgs doublet χR(1, 2, −1, 1) ⊂ 16H . The SM theory breaks to the low-energy symme-
try by the standard Higgs doublet h(2, 1, 1) ⊂ (2, 2, 0, 1) ⊂ 10H . With such minimal Higgs 
content respective beta function coefficients are presented in Table 1. Three additional singlet 
fermions (Si , i = 1, 2, 3), one for each generation are added in case of SO(10) theory as ex-
plained above. In the absence of 126H ⊃ R(1, 3, −2, 1) this model gives the neutral fermion 
mass matrix of eq. (15) with M˜N = 0 at the renormalizable level of Yukawa interaction although 
dim.5 operator gives MN ≤ 0.1 eV which is negligible compared to |μS| needed to fit the neu-
trino oscillation data through the inverse seesaw formula of eq. (16) [54]. The N–S mixing mass 
in this model occurring in eq. (15) is M = Yχ < χ0R >. The Model-I applications to explain the 
neutrino oscillation data, prediction of LFV decays and trilepton production signals at LHC have 
been discussed in Sec. 3, and Sec. 5.
For this model the one and two-loop beta function coefficients are shown in Table 1. Using the 
input values sin2 θW (MZ) = 0.23126 ± 0.00005, α(MZ) = 1/127.9 and α3C(MZ) = 0.1187 ±
0.0017 [16] in eq. (8), eq. (9), we obtain solutions for MR , MU , and αG as shown in Table 2. The 
value of g2R(MWR) is obtained by running down g2R(μ), g(B−L)(μ) from μ = MU to μ = MWR
and by ensuring the matching condition g−2Y = (3/5)g−22R + (2/5)g−2(B−L) at μ = MWR . The value 
of σ is hence determined for each . With all other quantities occurring in eq. (13) being thus 
determined, it gives the value of the coefficient C of the dim.5 operator. These solutions are 
presented in Table 2 except threshold effects which have been discussed below separately. It is 
clear that the Planck-scale induced solutions as low as VχR ∼ MR  20 TeV are allowed and the 
model predicts the WR mass MW  g2RVχ  10 TeV in the case of minimal combination of R R
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Predictions for MR , MU , and the coupling constant ratio σ = g
2
2L
g22R
in two SO(10) models at two loop level including 
Planck-scale induced corrections.
Model  α−1
G
MR (GeV) MU (GeV) σ =
(
g2L
g2R
)2
C
Model-I 0.086 49.52 2.49 × 104 9.59 × 1015 1.288 −8.84
0.087 49.56 2.1 × 104 9.51 × 1015 1.291 −9.02
Model-II 0.048 47.69 3.36 × 104 9.74 × 1015 1.238 −4.95
0.049 47.72 2.73 × 104 9.64 × 1015 1.241 −5.1
0.05 47.77 2.21 × 104 9.55 × 1015 1.244 −5.2
the light Higgs sector with only two doublets, Dφ = Dχ = 1. These RH mass scales are spread 
over the range ∼O(1–100) TeV by threshold effects as noted below.
(b). Model-II: heavy Majorana neutrinos
For this purpose, in addition to the Higgs representations of Model-I, we require the SO(10)
representation 126H ⊃ R(1, 3, −2, 1) under G2213 that carries B−L = −2 with corresponding 
coefficients given in Table 1. When the RH triplet acquires VEV 
〈
0R
〉= VR , G2213 symmetry 
is broken down to SM and RH neutrinos acquire heavy masses through Yukawa interaction term 
f 16.16.126H leading to M˜N = fVR that replaces the central part of the 3 × 3 null matrix of 
eq. (15). The RH doublet χR(1, 2, −1, 1) ⊂ 16H , apart from taking part in symmetry breaking 
process rather weakly, generates the N–S mixing mass term M as noted in the case of Model-I 
leading to gauged inverse seesaw formula for neutrino masses provided M˜N > M > MD, μS , 
a condition well known in extended seesaw mechanism [60,61]. The would-be dominant type-I 
seesaw term in this model cancels out in such decoupling limit [27,28,61] leading to gauged 
inverse seesaw formula of eq. (16) to explain the neutrino oscillation data. There are two heavy 
Majorana neutrino mass matrices: mN for RH neutrino and ms for sterile neutrino under the 
constraint mN >>ms
ms = μs −M 1
M˜N
MT + . . . (18)
The heavy RH Majorana neutrino mass matrix is very close to its gauged value,
MN = M˜N + . . . (19)
These two types of heavy Majorana neutrinos emerging as a result of the gauged extended seesaw 
mechanism can mediate neutrinoless double beta decay in the WL−WL, WL−WR , and the WR−
WR channels. Further both of them are capable of mediating the dilepton production process at 
the LHC.
Using numerical values of ai and bij in eq. (8), eq. (9), and eq. (11) and following the same 
procedure as outlined for Model-I, the solutions for mass scales MR and MU , and C and σ are 
also presented for this Model-II in Table 2. It is clear that in this case low-mass RH gauge bosons 
∼ 10 TeV are permitted at the LHC energy scale for σ  1.24 which may lead to the interpre-
tation that the additional corrections could be due to quantum gravity effects. It is interesting to 
note that σ = g22L
g22R
 1.24–1.29 is only 24%–29% larger compared to its value σ = 1 in the man-
ifest LRS model [3]. These correspond to the WR gauge couplings g2R = 0.56(0.57) in Model-I 
(Model-II) at MW = 2 TeV.R
M.K. Parida, B. Sahoo / Nuclear Physics B 906 (2016) 77–104 89Table 3
Threshold effects on predicted mass scales and proton lifetime where the results given in the first (second) line in 
each model are due to maximization of uncertainty in MU (MR ). The factor 10±0.2 arises due to 1σ uncertainty in 
sin2 θW (MZ) and αS(MZ).
Threshold uncertainty MR
M
R0
MU
M
U0
τp (yrs.)
Model-I 10±0.006 10±0.364 1036.15±1.456±0.2
10±0.332 10±0.205 1036.15±0.82±0.2
Model-II 10±0.76 10±1.45 1036.15±5.8±0.2
10±1.548 10±0.47 1036.15±1.88±0.2
2.3. GUT threshold effects
As the representations 210H or 126H have a number of superheavy components around the 
GUT scale, we have estimated their threshold effects on MR , MU and proton lifetime [17,66,67]. 
Following the steps those led to eqs. (8)–(10), the analytic formulas for threshold corrections for 
mass scales are
 ln
MR
MZ
= X
′ρ −X	
XZ′ −X′Z (20)
 ln
MU
MZ
= Z	 −Z
′ρ
XZ′ −X′Z (21)
where
ρ = −2π
[
′2R +
2
3
′BL −
5
3
′2L
]
,
	 = −2π
[
′2R +
2
3
′BL +′2L −
8
3
′3c
]
,
′i =
∑
α
bαi
12π
ln
Mα
MU
, i = 2L,2R,BL,3C, (22)
Mα being the superheavy component mass of the Higgs representation. Assuming that all super-
heavy components of a GUT representation have a common mass [17,67], the corrections are 
shown in Table 3, where the first (second) line gives maximized uncertainty in MU (MR) in both 
models. It is clear that the lifetime prediction including GUT threshold effects can be accessible 
to ongoing searches [34].
Apart from these renormalizable threshold corrections, the other possible corrections 
may be due to two more non-renormalizable dim.6 operators such as Tr(Fμν2210Fμν),
Tr(210Fμν210Fμν) which introduce two more unknown parameters. Contributions of other 
Higgs fields to dim.6 operators are negligible because of their smaller VEVs. In the spirit of 
earlier approaches that quantum gravity effects are reflected most dominantly via Planck-scale 
induced dim.5 operators, they are ignored in the minimal model with minimal number of pa-
rameters. Even if they are included, we do not think these contributions to be relevant because 
of the following: (i) the correction to GUT-gauge coupling αi due to operator of dim.n > 4 is 
Cn(
MU
MPlanck
)
n−4
. Even if the coefficient Cn does not decrease with n, treating Cn ∼ O(1), the 
higher order terms are reduced by O[10−3(n−4)] which may be considered negligible for n ≥ 6. 
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we have already achieved LHC scale LR gauge theory and, of course, experimentally observable 
proton decay by including threshold effects.
3. Neutrino masses and lepton flavor violation
The Dirac neutrino mass matrix MD occurring in eq. (16) is determined by the GUT-scale 
fitting of the extrapolated values of all charged fermion masses obtained by following the bottom-
up approach [68] and running it down to the TeV scale following top-down approach as ex-
plained in the corresponding cases [27,28,54]. While the procedure followed in Ref. [54] is used 
for Model-I, the procedures followed in Refs. [27,28] is utilized for Model-II.3 An additional 
bidoublet φ′ ⊂ 10H ′ is needed to fit fermion masses without affecting coupling unification sub-
stantially. The Higgs bidoublet ξ(2, 2, 15) ⊂ 126H acquires the induced VEV vξ  10–50 MeV
[12] which, along with the direct VEVs of the two bidoublets, enables fitting all charged fermion 
masses in Model-II. A byproduct of this fitting is the diagonalised version of the heavy RH 
neutrino mass matrix,
MˆN = fˆ VR
= diag.(MˆN1 , MˆN2, MˆN3). (23)
where, in our Model-II,
MˆN1  150 GeV–1.5 TeV,
MˆN2  500 GeV–3.0 TeV,
MˆN3  2.0 GeV–7.5 TeV. (24)
In the absence of 126H in Model-I, the dim.6 operator Faij16i .16j .10Ha45H 45H/M ′
2 dis-
charges the equivalent role where M ′ ∼ MPlanck. This 45H remains near the GUT scale without 
affecting the particle spectrum at the LHC scale. Up to a good approximation, in both the models 
the Dirac neutrino mass matrix at the LHC scale is
MD(M
0
R) =
⎛
⎝ 0.0151 0.0674 − 0.0113i 0.1030 − 0.2718i0.0674 + 0.0113i 0.4758 3.4410 + 0.0002i
0.1030 + 0.2718i 3.4410 − 0.0002i 83.450
⎞
⎠ GeV. (25)
The dominant source of LFV is through the WL-loop in both the models and there are two 
types of heavy Majorana fermion exchange contributions in case of Model-II. The RH neutrino 
exchange contribution can be considered subdominant since MNi >> Mi . Using the relevant 
analytic formulas [69] we estimate LFV decay branching ratios μ → e + γ , τ → e + γ and 
τ → μ + γ as shown in Table 4 where the allowed values of Mi , (i = 1, 2, 3) satisfying the non-
unitarity constraints have been also given [27,54]. As the predicted values are 3–5 orders smaller 
than the current experimental limits, they may be accessible to ongoing or planned searches with 
improved accuracy.
Using a set of values on M , some of which are given in Table 4, and the Dirac neutrino 
mass matrix from eq. (25), we fit the available data on neutrino masses and mixings through 
3 Any additional SO(10) Higgs representations or higher dimensional operators which may be needed for charged 
fermion mass fits at the GUT scale do not affect the LHC scale particle spectrum.
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Nonunitarity predictions of branching ratios for charged lepton flavor violating decays as a function of pseudo-Dirac
neutrino masses.
M (GeV) |MˆS | (GeV) Br(μ → eγ ) Br(τ → eγ ) Br(τ → μγ )
(50,200,1711.8) (10,50,837.21) 1.19 × 10−16 4.13 × 10−15 5.45 × 10−13
(100,100,1286) (12.5,20,661.5) 1.07 × 10−15 2.22 × 10−14 2.64 × 10−12
(100,200,1702.6) (16.6,40,828.24) 1.14 × 10−16 4.13 × 10−15 5.52 × 10−13
inverse seesaw formula of eq. (16) for all the three types of mass hierarchies: NH, IH, and 
QD. A wide range of values of the matrix elements of M = diag.(M1, M2, M3) are allowed 
consistent with LFV constraints and the neutrino oscillation data [70,71]. In each case the fit 
gives a set of elements for μS . Our solutions for the NH case indicated by recent cosmological 
constraints [72,73] is given below for NH case with mˆν = diag.(0.001, 0.0088, 0.049) eV and 
M = diag.(50, 200, 1712) GeV.
μs (GeV) =
⎛
⎝ 0.002 + 0.00001i −0.0015 − 0.00001i 0.0004 − 0.0002i−0.0015 − 0.00001i 0.001 −0.0003 + 0.0001i
0.0004 − 0.0002i −0.0003 + 0.0001i 0.00006 − 0.0001i
⎞
⎠ GeV
(26)
Different aspects of LFV in non-SUSY SO(10) have been discussed in Refs. [27,28,54] and 
our predictions in the corresponding cases are similar.
4. Lepton number violation
The standard contribution to neutrinoless double beta decay in the WL − WL channel is due 
to light neutrino exchanges. But because of the presence of mixing with the RH neutrino and the 
extra fermion singlet states, the LH neutrino flavor state ναL (α = e, μ, τ) is expressed in terms 
of the heavy and light mass eigen states
ναL ∼ Vνναi νˆi + VνSαi Sˆi + VνNαi Nˆi , (27)
where Vννei is approximated to be the standard PMNS mixing matrix elements. As already stated 
VνSei = (MD/M)ei = (MD)ei/Mi , and VνNei = (MD/MN)ei . One important aspect of this Model-
II is that even in the WL −WL channel the singlet fermion exchange allowed within the extended 
seesaw mechanism can yield much more dominant contribution to 0νββ decay rate with life-
time prediction close to the current experimental limits [74–77]. The contributions due to the 
exchanges of heavy ++L , 
++
R , and RH neutrinos in the WR − WR channel [81] are negligible 
in this extended seesaw framework compared to those due to the light neutrino and the singlet 
sterile fermion exchanges in the WL −WL channel for which the three different contributions to 
the amplitude and the corresponding mass parameters are summarised in Table 5.
Since the sterile neutrino mass eigen value MˆS1 << MˆNi and the N–S mixing elements 
can be made to satisfy Mi << MNi we obtain the dominance of light sterile neutrino ex-
change contribution over the RH neutrino exchange contribution in the WL −WL channel since 
|mee,LN | << |mee,LS |. Then using the mass parameters from Table 5, the inverse half life can be 
written as
[
T 0ν1/2
]−1  G01|M
0ν
ν |2|meff |2 (28)me
92 M.K. Parida, B. Sahoo / Nuclear Physics B 906 (2016) 77–104Table 5
Formulas for amplitudes and effective mass parameters in the WL − WL channel for 0νββ decay where |p|2 has been 
defined in the text.
Channel Mediating particle Amplitude Effective mass parameter
WL −WL ν ALLν ∝
g42L
M4
WL
∑
i=1,2,3
(Vνν
ei
)2mνi
p2
m
ee,L
ν =
∑
i
(Vνν
ei
)2
mνi
S ALL
S
∝ g
4
2L
M4
WL
∑
j=1,2,3
(VνS
ej
)2
mSj
m
ee,L
S
=∑
i
(
VνS
ei
)2 |p|2
mSi
N ALL
N
∝ g
4
2L
M4
WL
∑
k=1,2,3
(VνS
ek
)2
mNk
m
ee,L
N
=∑
i
(
VνN
ei
)2 |p|2
mNi
where
|meff |2 = |mee,Lν +mee,LS |2 (29)
= |mee,Lν |2 + |mee,LS |2 + I.T. (30)
In eq. (30) I.T. = interference term between the two quantities = 2|mee,Lν ||mee,LS | cosγνS , γνS
being their phase difference. Although it is possible to adjust the phases of the two, especially 
those in mee,LS , resulting in γνS = (2n +1)π/2 with n = integer and vanishing I.T., for numerical 
estimation of half-life we have taken the full expression including the interference term. Details 
have been given in Ref. [28] where a new analytic formula for half-life has been also reported.
In eq. (28) G01 = phase space factor = 0.686 × 10−14 yrs−1, M0νν = nuclear matrix element 
(NME) corresponding to light LH neutrino exchange, and p denotes the neutrino virtuality mo-
mentum. In terms of M0νν and M0νN , the NME corresponding to heavy neutrino exchanges, it 
is also expressed as [78–80] |p|2 = (mpme)M
0ν
N
M0νν . Available values of NMEs with uncertainties 
cover the range |p|  (130–277) MeV for 76Ge isotope. Using eq. (28) and Dirac and Majorana 
phases in mee,LS , and Majorana phases in mee,LS , double beta decay half-life predictions have been 
discussed in detail showing saturation of experimental limits for MˆS1 = 15–18 GeV for three 
different light neutrino mass hierarchies [28] where all possible interference effects have been 
included for different active neutrino mass hierarchies. It is interesting to note that in the case of 
normally hierarchical (NH) active neutrino masses, the lightest sterile neutrino contribution with 
mass MˆS1 = 5–40 GeV dominates the double beta decay rate with |meff |  |mee,LS |. Confining to 
the normally hierarchical (NH) light neutrino masses indicated by recent cosmological bounds 
[72,73]
∑
i
mνi ≤ 0.12 eV, (31)
and for naturally allowed values of MˆS1 ∼ 5–40 GeV with MˆS2, MˆS3 >> MˆS1 , the predictions in 
Model-II is given in Fig. 1 for p = 130–277 MeV, where the horizontal lines are the lower limits 
on the half-life measured by different experimental groups [74–77].
Saturation of current experimental bound on 0νββ decay half life gives the lower bound on 
the lightest sterile neutrino mass, mS1 ≥ 17 ± 3 GeV. Thus, the present TeV scale G2213 model 
is found to be capable of saturating the current experimental limits of neutrinoless double beta 
decay in the WL −WL channel where both the emitted electrons have left-handed chiralities and 
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the lightest sterile neutrino exchange dominates the process especially for normally hierarchical 
masses of light neutrinos as indicated by cosmological bounds.
5. LHC signals of heavy neutrinos and WR boson
The Large Hadron Collider (LHC) offers an amazing opportunity to explore new physics 
beyond the electroweak scale. The LHC has already taken data at 
√
s = 8 TeV and expected to 
take further data at 
√
s = 14 TeV in run-II for physics signals beyond the standard model. Very 
recently there have been various recent attempts to explain observed excess of events beyond the 
standard model [32]. Our model predicts G2213 symmetry at lower scale μ = MR of the order 
of 1–10 TeV. The WR bosons from MR = 1–10 TeV can be clearly produced from pp collision 
which can subsequently decay to a RH charged lepton and a RH neutrino. If the RH neutrino 
is Pseudo-Dirac, this will manifest into trilepton signals or if it is a heavy Majorana neutrino, 
it can manifest into two like-sign dileptons and jets. In this section, we examine both the above 
possibilities.
At the LHC, the parton-level generation of a heavy neutrino can be realized in the following 
way
qq¯ ′ −→ WL/WR −→ l+N(l−N¯), (l = e,μ, τ) (32)
provided this process is kinematically feasible. This has lepton-number conserving (LNC) or 
lepton number violating (LNV) decay modes depending on whether N is pseudo-Dirac as in 
Model-I or Majorana as in Model-II. We use the parton level differential cross section [82]
dσˆLHC
d cos θ
= kρ
32πsˆ
sˆ +M2
sˆ
g4
48
(sˆ2 −M4)(2 + ρ cos2 θ)
(sˆ −m2W)2 +m2W2W
(33)
where k = 3.89 × 108 pb, sˆ is the square of centre-of-mass energy of the colliding partons, M is 
mass of N , and ρ = (sˆ −M2)/(sˆ +M2).
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RR, LR, and RL where instead of confining to the exchange of real WR boson [13], the general possibilities of including 
both real and virtual WL , WR exchanges [31] in the second stage have been considered.
The total production cross section at the LHC is
σprod = kg
4
768πs
1∫
τ0
γ
dτ
τ
1∫
τ
dx
x
[
fu(x,Q)fd¯ (
τ
x
,Q)+ (u → d¯, d¯ → u)
]
, (34)
where τ = sˆ/E2CM and ECM is centre-of-mass energy of the LHC, and
γ = ((sˆ +M2)/sˆ)× ((sˆ2 −M4)(2 + ρ/3)/((sˆ −m2W)2 +m2W2W)).
The Feynman diagrams for trilepton (dilepton) production mechanism is shown in the 
Fig. 2(a) (2(b)).
5.1. Trilepton signals
The RH neutrinos in Model-I being pseudo-Dirac neutrinos cannot mediate like-sign dilep-
ton production. Also the opposite sign dilepton signal l±l∓jj is not a viable option as it is 
swamped with a large SM background. The best channel for probing heavy pseudo-Dirac neutri-
nos is the trilepton mode where WL/WR decays to leptonic final states: pp → W±R → N± →
WL/W

R
∓± → ν±∓± [30].
The inclusive cross-section for the trilepton state in a generic seesaw model is given by [82]
σ(pp → l1l2l3 + Tme) = σprod(pp → W → Nl1)Br(N → l2W)Br(W → l3ν). (35)
Here, Tme stands for the missing transverse energy and the WL branching ratio Br(W → lν) =
0.21 [15]. We have assumed mN > mW . Although this condition is needed for kinematic feasi-
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the reader is referred to the web version of this article.)
Fig. 4. Same as Fig. 3 but in the RR channel.
bility of the decay N → l2W → l2l3ν when the exchanged W -boson is real, this is not required 
for virtual W ∗ exchange to give N → l2W ∗ → l2l3ν. One important aspect of this model is that 
the fermion mass fitting and LFV constraint predict all the elements of the heavy-light neutrino 
mixing matrix VνS = MDM . For example using eq. (25) and MN2  M2 = 50 GeV, the heavy-light 
neutrino mixing parameter is |VμS2 |2 = 9.8 × 10−5. Thus the heavy-light neutrino mixing is de-
termined by MD and Mi and varies inversely as the corresponding pseudo-Dirac neutrino mass 
exchanged.
For computation of the production cross section we have utilized the CTEQ6M parton distri-
bution functions [83] in eq. (34). Using our ansatz for heavy light neutrino mixing matrix MD/M
in the pseudo-Dirac case, eq. (33), eq. (34), and eq. (35), our predicted results on trilepton sig-
nals in the LL channel are shown for LHC energy 
√
s = 14 TeV in Fig. 3 where l(1)l(2) = e±e∓
and l3 = e± or μ± in the lower blue curve and the mediating heavy fermion is the pseudo-Dirac
N1. The corresponding trilepton signal as a function of the pseudo-Dirac mass MN2 is shown as 
upper red curve in the same figure for which l(1)l(2) = μ±μ∓ but l3 = e± or μ±.
At 
√
s = 14 TeV, the predicted trilepton signal cross sections in the WR − WR channel are 
shown in Fig. 4(a) when l(1)l(2) = e±e∓ and l3 = e± or μ±. In Fig. 4(b) the predicted signal cross 
sections are for l(1)l(2) = μ±μ∓, and l3 = e± or μ± also in the same channel. In the LL channel, 
at 30 fb−1 luminosity, the number of signal events for trilepton final states for heavy neutrino 
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of signal events becomes 12.51 indicating the presence of heavy pseudo-Dirac neutrinos. Hence, 
in the future run of the LHC with increased luminosity this signal may be observed and this 
Model-I may be verified or falsified. The three body decay mode of RH neutrino N → WR →
ν in the RR channel is suppressed by both mixing and the heavy WR mass. Thus we find 
that the signal cross section in LL channel is dominant over that in the RR channel for trilepton 
production at the LHC detectors where, for a given MNi , the cross sections decrease rapidly 
with pseudo-Dirac RH neutrino mass. In conclusion we find that if RH neutrinos are heavy 
pseudo-Dirac (MN > 200 GeV), it is unlikely that LHC experiments in near future can detect 
them through tri-lepton production events.
5.2. Dilepton signals at LHC detectors
The RH Majorana neutrinos being in the fundamental representation of LR gauge theory 
have direct coupling with the WR bosons which can be produced at LHC energies manifesting 
in like-sign dilepton signals. In fact, the recent CMS Collaboration has found a lower bound 
MWR ≥ 3 TeV in the manifest LRS model from their like-sign dilepton production cross section 
in the RR channel if the associated RH neutrinos are Majorana fermions [4]. In this experiment 
the WR boson signal is detected indirectly via like-sign dilepton production simultaneously with 
two jets. The dilepton production process is significant because of the following reasons: (i) the 
absence of missing energy helps in fighting the background, (ii) it is easier to reconstruct both 
the masses of WR and NR by measuring the energies and momenta of the final states, and (iii) 
the production process can be amplified by the WR resonance.
In addition to three light active neutrinos, our Model-II has two types of heavy Majorana neutri-
nos:
(A) Heavy RH neutrinos in the mass range O(100) GeV to few TeV capable of mediating like-
sign dilepton production inside the CMS and ATLAS detectors which we discuss in this section.
(B) Three sterile neutrinos with allowed lighter mass eigen values of O(10) GeV for the first or 
the second generations.
We have estimated dilepton production cross sections in Model-II in the LL, RR, and RL channels 
mediated by heavy RH neutrinos at LHC energy of 
√
s = 14 TeV. The signal cross-section for 
the production of the RH neutrino or sterile neutrino including the real or virtual WL,or WR
exchanged at the second stage is given by
σ(pp → Nl± → l±l±jj) = σprod(pp → WL,R → Nl±)× Br(N → l±jj) (36)
where the branching ratio
Br(N → l±jj) = (N → l
±W)
totN
× Br(W → jj) (37)
here Br(W → jj) = 0.676 [15]. For heavy Majorana neutrino exchange, our results are shown 
for 
√
s = 14 TeV with CTEQ6M parton distribution functions in Fig. 5 and Fig. 6(a), respec-
tively, in the LL and RR channels.
In Fig. 6(b), our predictions in the RR channel are given by the middle solid curve where 
the upper short-dashed (lower long-dashed) curve represents our estimations in the manifest 
LRS model (model of Ref. [27]) for two different values of WR mass, 3 TeV, and 5 TeV. These 
predictions are subject to imposition of nearly 48% cut deduced from the conditions of LHC 
M.K. Parida, B. Sahoo / Nuclear Physics B 906 (2016) 77–104 97Fig. 5. Signal cross sections for dilepton final states in the LL channel at 
√
s = 14 TeV. The middle curve in the right 
panel represents the predicted signal cross section of our Model-II while the curves above and below the middle one 
represent signal cross sections of two benchmark scenarios discussed in the text [30,31].
Fig. 6. (a) Predictions for dimuon signal cross section at √s = 14 TeV in the RR channel as a function of (MWR , MN2 ) in 
Model-II with (g2L/g2R)2 = 1.24. (b) Comparison of different model predictions at 
√
s = 14 TeV for MWR = 3.0 TeV
(upper curves) and MWR = 5.0 TeV (lower curves): (i) manifest LRS model (green small dashed), (ii) this analysis of 
Model-II (solid red), and (iii) Model of Ref. [27] (magenta long-dashed) for (g2L/g2R)2 = 2.4. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)
run-I at 
√
s = 8 TeV. Thus, using the predicted results of the type shown in Fig. 6(b), the validity 
of three different models can be tested by the LHC measurements at 
√
s = 14 TeV.
It is observed from Fig. 5 and Fig. 6 that at 30 fb−1 luminosity, the number of signal events for 
heavy neutrino mass MN(1,2) = 100 GeV are negligible in the LL channel, but in the RR channel 
these are appreciable. The signal events in the RR channel as a function of MN2 and various 
luminosities are presented in Table 6. They are found to be more dominant compared to the 
LL channel where the signal cross sections are reduced because of damping due to heavy-light 
mixings. Such damping factors are absent in the RR channel. However, the number of events in 
the RR channel reduces considerably when signal cut conditions are imposed. Even though we 
do not know the signal cut conditions at 
√
s = 14 TeV, we adopt the same criteria following the 
latest CMS data [6] at √s = 8 TeV: Mlljj > 600 GeV, Mll > 200 GeV, pjT > 40 GeV, plT >
40 GeV, pl,leading > 60 GeV, |η(j)| < 3.0 and |η(l)| < 2.5. This reduces the number of signal T
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Predictions of number of signal events for μμjj as a function of heavy RH neutrino mass (MN2 ) and luminosities (L) 
in the RR channel at 
√
s = 14 TeV for MWR = 2.5 TeV.
MN2
(GeV)
Events before cuts Events after cuts
30 fb−1 300 fb−1 3000 fb−1 30 fb−1 300 fb−1 3000 fb−1
200 0.4788 4.788 47.88 0.2393 2.393 23.93
400 5.8212 58.212 582.12 2.9099 29.09 290.9
600 26.872 268.72 2687.2 13.452 134.52 1345.2
800 77.076 770.76 7707.6 39.129 391.29 3912.9
1000 165.09 1650.9 16509 89.643 896.43 8964.3
Fig. 7. Same as Fig. 5(b) but for RL channel.
events by nearly 48%. For example, when MN2 = 800 GeV, the number of dimuon events are 77 
(39) excluding (including) the effect of cuts for luminosity L = 30 fb−1.
We note that since the predicted values of heavy-light mixings in our model is several orders 
less than the upper bench mark point (|VlN |2 = 3 × 10−3) but many orders larger than the vanilla 
seesaw benchmark (|VlN |2 = √(m2atm)/MN ), the predicted cross sections in the LL channel 
falls in between the two benchmark scenarios corresponding to the two limits as shown in the 
right-panel of Fig. 5.
Our Model-II predictions of the signal cross section in the RL channel for MWR = 3 TeV is 
shown by the middle curve in Fig. 7 which falls below the upper curve corresponding to upper 
benchmark and several orders above the vanilla seesaw benchmark. The predicted number of 
events for wider range of MN2 = 100–1000 GeV or even for larger values, excluding (including) 
cuts, are nearly 9(5), 28(16), 84(49) for values of proton beam luminosity 30 fb−1, 100 fb−1, 
and 300 fb−1, respectively. The near constancy of observable di-muon event rates with increas-
ing values of MN2 makes this channel attractive for the detection of the RH heavy neutrino 
and distinguishing this channel experimentally from RR channel which shows larger number of 
events with increasing behaviour.
5.3. WR boson mass from dilepton production data
At 
√
s = 8 TeV of LHC energy, the CMS Collaboration [6] have recently observed an excess 
of events in the di-electron channel with eejjX final state having a local significance of 2.8σ at 
Meejj  2.1 TeV. Here we show how our Model-II explains this excess.
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and III for WR production at 
√
s = 8 TeV and their comparison with the LHC data for which the green (red) band is the 
1σ (2σ ) limit. The zig-zag dotted (solid) curve represents expected (observed) results of measurements. The line III (IV) 
in the left-panel represents g2R = 0.57 and V 2e1 = 0.5(0.3). The line I in both the left and the right panels with spreaded 
uncertainty represents the prediction of manifest LRS model g2L = g2R [4]. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)
Using 
√
s = 8 TeV, Model-II predictions of the dielectron and dimuon signal cross sections 
are shown in the left-panel and the right panel, respectively, in Fig. 8 for WR production in 
the RR channel in comparison with the CMS data [6]. The line I with uncertainty band is the 
prediction of the manifest LR model [3,4] for which σ = 1. The line II is the Model-II prediction 
for σ = (g2L/g2R)2 = 1.24 and V 2e1 = V 2μ1 = 1 in both the left and the right panels as applicable 
in the flavor diagonal basis of RH neutrinos. More interesting predictions emerge in the Model-II 
when the RH neutrinos are flavor non-diagonal. The line III represents the Model-II prediction 
for the same value of σ = 1.24 but for V 2e1 = 0.5 (left-panel) and V 2μ2 = 0.7 (right-panel). The 
line IV in the left panel corresponds to V 2e1 = 0.3. In Model-II, the RH neutrino mass is heavy and 
does not appear in the inverse seesaw formula that fits the neutrino oscillation data. As such we 
note that our model has a wider range of parameter space to explain the observed eejj excess at 
MWR ∼ 2 TeV. Our model fits the observed absence of any excess of events in the μμjj channel 
(right panel) for wider range of allowed values of V 2μ1. A possible reason for the appearance of 
broadening of the peak around MWR ∼ 2 TeV in the eejj channel which has been provided in 
[33] through inverse seesaw mechanism, seems to be applicable in the present approach also. 
Since actual experimental evidence of WR requires a peak in the dilepton production data with 
at least 5σ local significance, the observed excess in the pp → eejjX channel is expected to 
increase in future experiments and our Model-II might be already indicating a smoking gun 
signal for the presence of WR boson mass in the region MWR ∼ 2.0 TeV.
In conclusion we find that the observed excess of dilepton signal events in the eejj chan-
nel testify to the prediction of our Model-II with MWR = 1.9–2.2 TeV. Since the statistical 
significance of the observed excess is at local significance of 2.8σ , we suggest more accurate 
experimental observation in this region with higher luminosity to examine if there is such clear 
signal with (5–6)σ local significance.
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6. WR mass from dijet resonance and diboson signals
In addition to the experimentally observed excess in pp → eejjX discussed above, the dijet 
resonance search in the 1.8 TeV bin at CMS [44] and ATLAS [45] have observed excess of events 
at the levels of 2σ and 1σ , respectively. Diboson production search has revealed a 3.4σ excess 
for MWR  2 TeV at ATLAS [84] and a 1.4σ for MWR  1.9 TeV at CMS [85]. Further in the 
1.8–1.9 TeV bin, an excess of 2.2σ for WR → WH with boosted SM Higgs boson H decaying 
into bb¯ and W → lν has been observed [86]. All these LHC signals can be interpreted due to the 
production and decay of the WR boson.
In LR models, the heavy WR boson which couples directly to RH quark–antiquark pair can 
be produced by the annihilation of such pair originating from the colliding proton beams. Once 
produced, the WR boson can mediate the dijet resonance in the way of producing energetic RH 
quark–antiquark pairs through its direct coupling g2Rq¯ ′RγμqRW
μ
R manifesting in two jets. This 
simple mechanism shown in the Feynman diagram of Fig. 9 also provides a promising channel for 
the more direct experimental signature of WR boson at LHC compared to the dilepton production 
channel.
With g2R = 0.57 in our Model-II and LHC energy √s = 8 TeV, we predict the dijet produc-
tion cross section σjj = 288(150) fb for MWR = 1.9 TeV excluding (including) the geometric 
acceptance factor A = 0.52 in our model. The pp → WR → WZ cross section is related to the 
dijet cross section [35]
σWZ(WR) = cos
4 θWη
2
Z
24
σjj (WR), (38)
leading to σWZ(WR) = 3.75 fb × η2Z . The ATLAS diboson search gives σWZ(WR)  (3–10) fb 
[84]. Using this measured cross section in the LHS and our predicted value in the RHS of eq. (38)
gives the range of values of the parameter 0.89 < ηZ < 1.63 for cos4 θW  0.6. Thus, our model 
with ηZ ∼ 1 is consistent with the ATLAS result for pp → WR → WZ.
In the other diboson search channel corresponding to pp → WR → WH , σWH (WR) ≈
σWZ(WR)/cos
4 θW which gives σWH(WR) ∼ 6 fb for MWR = 1.9 TeV in our case consistent 
with the CMS experimental upper bound [σWH(WR)]CMS < 18 fb at MWR = 1.8 TeV. With 
g2R = 0.56 in our Model-I, the predictions for dijet and diboson decay channels for WR are 
similar. Needless to mention that the dijet and diboson production results for WR are indepen-
dent of the nature of RH neutrino (pseudo-Dirac or Majorana).
Summary: In summary including Planck-scale effects induced by a non-renormalizable dim.5
operator in SO(10) through the 210H representation and incorporating the fine-structure con-
stant matching condition and GUT threshold effects, we have shown the realization of LHC 
scale LR gauge theory in the minimal chain with minimal light Higgs spectrum in concor-
dance with neutrino oscillation data through experimentally verifiable gauged inverse seesaw 
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manifesting through tri-lepton production or as Majorana (Model-II) fermions manifesting as 
like-sign dilepton production signals at the LHC. The existence of LR gauge theory covers the 
predicted range of the mass scale MR ∼ 103 − 105 GeV with experimentally measurable pro-
ton lifetimes. The heavy-light neutrino mixings are predicted via charged fermion mass fits and 
the charged LFV constraints consistent with branching ratios only few to four orders smaller 
than the current experimental limits. The Model-II permits at least one light sterile neutrino that 
mediates dominant 0νββ decay rate in the WL − WL channel irrespective of the light neutrino 
mass hierarchies and independent of other possible contributions through WL − WR mixings. 
Both the models are found to be consistent with dijet and WR → WZ, and WR → WH pro-
duction data for masses of MWR  2 TeV. In Model-II the resonant production of WR boson 
and its subsequent decay in the RR channel through the heavy RH neutrino are found to explain 
the recently observed excess of events in pp → eejjX at the CMS detector predicting its mass 
range MWR = 1.9–2.2 TeV which is also consistent with the value obtained from dijet resonance 
and diboson production data. The model has also the potential of explaining the baryon asym-
metry of the universe via resonant leptogenesis mediated by the O(500) GeV quasi-degenerate 
masses of the second and the third generation sterile neutrinos noted recently [87] which would 
be investigated elsewhere [88]. Only for gauge coupling unification in the pseudo-Dirac case, the 
Model-I has just one bidoublet and one RH doublet carrying B −L = −1. In Model-II, when all 
neutral fermions are Majorana particles, there is just one more RH triplet Higgs scalar carrying 
B −L = −2 at the LHC scale. The singlet fermions can be embedded into non-standard fermion 
representation 45F ⊂ SO(10). These Higgs masses are accessible to LHC and future colliders 
where experimental tests can discriminate this model from others. In conclusion we note that the 
Model-II has high degree of falsifiability from its rich structure of verifiable predictions. In order 
to test both the Model-I and Model-II with much better accuracy, LHC data at higher luminosity 
at 
√
s = 8 TeV, and √s = 13–14 TeV are necessary. Our estimation in the RR channel at LHC 
run-II for 
√
s = 14 TeV predicts dijet production cross sections nearly 6 times larger than its 
current value.
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